In the present study, the removal of metal ions Pb(II) using nanostructured γ-alumina was investigated by tests on batch operations and fixed-bed columns. Optimization was determined for factors effective on adsorption such as pH, contact time of metal solution with adsorbent and initial solution concentration. The optimum pH level was determined at 4.5 and the maximum adsorption percentage was achieved at 150 minutes. pH pzc was measured 8.3 for nanostructured γ-Al 2 O 3 . The Langmuir, Freundlich and Temkin isotherms were used to analyze the experimental data. The Langmuir isotherm model showed the best agreement with the experimental data. The model showed evaluations for maximum adsorption capacity of adsorbent at 119.04 mg/g and adsorbent bed performance for different flow rates, bed heights and influent concentrations were also investigated. The lumped method was used to solve the bed equations, to predict the breakthrough curve and model overall mass transfer coefficient (K overall ) and axial dispersion coefficient (D z ) parameters to make comparisons with experimental results.
INTRODUCTION
Industrial wastewater polluted with heavy metals has endangered human health and the environment. Lead is one of the most extensively found toxic metals in the environment.
According to the United States Environmental Protection
Agency (USEPA) standards, the maximum allowable concentration of lead in drinking water is estimated at 0.006 mg/L (Barakat ) . The adsorption process has proved an economical method for the removal of heavy metals from an aqueous solution. However, other materials, such as activated carbon, silica, titanium dioxide, calcium carbonate, and alumina, have also been effective for removing heavy metals from wastewater (Kim & Chung ) . In recent years, nanotechnology has appeared as one of the key technologies for water treatment and various nanomaterials have been applied to remove heavy metals from wastewater, for example, nanometal-oxides (Zhang et al. ) , carbon nanotubes (Ahmedna et al. ) and nanozeolite composites (Ngomsik et al. ) . The advantages of nanomaterials include properties such as high reactivity due to unsaturated surface atoms; good adsorption capacity; small size; high surface area and regular crystalline formation that determine high potential for application in water treatment. Properties of nanoparticles that give them a high rate of adsorption determine the materials as an excellent choice for application in adsorption processes (Bhatnagara et al. ; Samadi et al. ) . Nano-alumina has several crystalline forms but the most commonly used is γ-alumina.
Considering the surface area of γ-alumina in the range of 150-500 m 2 /g and a pore radius in the range of 1.5-6 nm, the form of γ-alumina is anticipated to be more active than 
MATERIALS AND METHOD

Materials
Nanostructured γ-alumina was prepared from Nano-Pars-Lima Company as adsorbent and lead nitrate was obtained from the Merck Company for application as the adsorbate.
In this study, all materials were prepared with high purity in order to increase reliability and validity as follows: double-distilled water was used; dilute HNO 3 and NaOH were used to adjust pH.
An atomic absorption spectrophotometer with acetylene flame (PG 990) was used for the measurement of lead ions; a digital pH meter (Sartorius (PB-11)) was used for the pH measurement. An accurate gas temperature controller (THC100) was used for controlling the temperature of a close plexiglass cube. Flow rates were regulated using a peristaltic pump (Etatron DS, Italy) capable of adjusting flow rates in the mL/min range. Evaluations for specific surface area were determined by N 2 gas Brunauer-Emmett-Teller (BET) analysis using a BET N 2 physisorption apparatus (Micrometrics ASAP 2010) at 76.42 K.
Each experimental data (effluent concentration) determination by atomic absorption spectrophotometer was repeated two or three times and the average result was reported in all graphs. The range of standard deviation for all experimental effluent concentrations was between 0.06 and 0.15.
Batch studies
Batch experiments were carried out two or three times in different sets using 30-120 mg/L lead with an initial concentration of 170 mg/L in contact with 0.5 g of nanostructured γ-alumina at pH 4.5 for 150 minutes at room temperature,
25
W C ± 1. All experiments were carried out in a close plexiglass cube equipped with a gas temperature controller. pH was adjusted to 4.5 using dilute HNO 3 , and NaOH. After a time period under agitation, suspensions were centrifuged at 10,000 rpm for 15 minutes. The supernatants were then collected and analyzed to determine cation concentrations by atomic adsorption spectrophotometry. The removal percentage was calculated using Equation (1) (Afkhami et al.
;
Rahmani et al. ):
Batch equilibrium experiments to determine the optimum pH were performed at various pH levels (2.5-6.5)
under the same conditions.
The pH pzc (point of zero charge) of the adsorbent was measured by the following method: 0.5 g of adsorbent was added to 100 mL of 0.1 M NaCl solution where the initial solution pH was adjusted using aqueous HNO 3 or NaOH solution. The reason for using NaCl solution is to fix ionic strength. The solution was allowed to mix for 24 hours. 
RESULTS AND DISCUSSION
Characterization of adsorbent
The spheres made from γ-alumina nano powder had an average size of 20 nm and were 2-3 mm in diameter. The BET surface area was about 138 m 2 /g. The adsorbent particle density and porosity were 0.9 g/cm 3 and 0.52 g/cm 3 , respectively. The chemical composition of the adsorbent was 99% Al 2 O 3 (minimum), 25 ppm Ca (maximum), 7 ppm V (maximum), 315 ppm cl (maximum), 70 ppm Na (maximum), 3 ppm Mn (maximum) and 2 ppm Co (maximum). All these elements were present in their most stable oxide form.
Batch studies
Effect of pH pH is one of the most important factors affecting the surface properties of an adsorbent and the surface charge of an adsorbent in an adsorption process (Sharma et al.
).
A sample (0.5 g) of the adsorbent was solved in 100 mL solution of 30 mg/L metal ions at several pH values (2.5-6.5) in order to evaluate the influence of pH solution on Pb 2þ adsorption. Samples were stirred by a magnetic stirrer at room temperature, 25 W C ± 1 and after 150 minutes mixing samples were centrifuged and measurements were taken for the degree of adsorption using an atomic absorption spectrophotometer. The 
Effect of contact time
The time taken to reach the adsorbent equilibrium in adsorp- The vacant sites at the initial times resulted in increased removal efficiency but under increased time the number of active sites decreased so there was increased competition for occupation of sites by the metal ions.
Adsorption isotherm
The uptake quantity for a range of concentrations of metal ions can be described by the adsorption isotherms that show how a solute interacts with a sorbent (Dabrowski ) . In the present work, the Langmuir, Freundlich and Temkin isotherms were applied and the experimental results were compared with these models. The amount of metal ions adsorbed per unit mass of adsorbent is calculated by Equation (4):
As determined in previous studies on the reaction mechanism, lead is predominantly chemisorbed onto the surface of the nanostructured γ-alumina (Iannibello & Marengo ; Cai & Sohlberg ).
Langmuir isotherm
According to the Langmuir assumptions, each adsorbent site can only adsorb one molecule or atom. In addition, adsorption is limited to one surface layer. The energy for adsorption is uniform and independent of surface coverage (Do ) . The linear form of the Langmuir isotherm is given by Equation (5) 
Freundlich isotherm
The Freundlich isotherm is an empirical isotherm, suitable for heterogeneous surfaces that follow the theory of Langmuir. Its general form is given in Equation (7) (Do ):
The linear form of the Freundlich isotherm is given by Equation (8):
K f and n are Freundlich constants that indicate adsorption capacity and adsorption intensity, respectively. A plot of logarithmic curve q e versus C e (Figure 3) is a straight line with a slope of 1/n and an intercept of log K f . n and K f values of 1.157 and 16.76 mg/g were obtained. These values are presented in Table 1 . When n ¼ 1, n > 1 and n < 1, this indicates linear equilibrium, favorable and unfavorable adsorption isotherms, respectively (Yang ) . So, with reference to the values of n in this work, the adsorption process was favorable.
Temkin isotherm
The non-linear form of the Temkin isotherm is given by Equation (9) (Temkin & Pyzhev ) : The isotherm can be expressed in linear form as Equation (10):
B T and K T were determined as 13.68 and 4.19, respectively, from linear plot of log q e versus log C e (Figure 4 ).
Temkin isotherm constants are given in (11) and (12), respectively:
The correlation coefficients (R 2 ) for the three isotherms Langmuir, Freundlich and Temkin were 0.999, 0.998 and 0.96, respectively.
If data from the model were similar to the experimental data, the error value would be a small number and vice versa. These results indicate that the Langmuir isotherm provided a better fit to the experimental data compared to the other isotherms because it had the highest R 2 and the least amount of errors.
Column studies
Breakthrough studies This study presents kinetic adsorption models based on axial dispersion diffusion and pore diffusion resistances controlled by molecular diffusion mechanism. The pore size of element from cylindrical bed is expressed as Equation (13) and definition of accumulation is based on Equation (14):
In Equation (14), the first term is the accumulation of bulk fluid inside the element, the second term is moderate accumulation of fluid in the pores of the adsorbent inside the element, and the third term is moderate accumulation of the adsorbent inside the element. By rearranging
Equations (13) and (14), the following is obtained: 
( 1 7 ) Equation (17) was used in the present study because the driving force of mass transfer is in the solid phase. The boundary and initial conditions are:
To calculate the overall mass transfer coefficient, both internal and external mass transfer resistances are added. The overall mass transfer coefficient is expressed as Equation (19) (Siahpoosh et al. ):
The effective pore diffusivity coefficient, D p e and D p are calculated as Equations (20) and (21) (Yang ):
Because of the small diameter of the adsorbate molecule compared with the adsorbent pore diameter, the Knudsen diffusion is ignored. Thus, Equations (20) and (21) are simplified as:
Since the path of molecule movement into the adsorbent pores is not direct, a tortuosity factor is calculated as Equation (23) (Wakao & Smith ):
The Re and Sc values are in the range of experimental conditions, and there is agreement with Wakao and Funzakri; the mass transfer coefficient between the fluid and adsorbent particles is given by Equation (24) (Wakao & Funazkri ) :
This relation is valid for 3 < Re < 10,000 and 0.6 < Sc < 70.
Since fluid velocity is low, axial dispersion is assumed for this packed bed. The axial dispersion coefficient is calculated as Equation (25) 
where γ 1 ¼ 20=ε and γ 2 ¼ 0:5. These values were selected because they provide the best empirical fit for the experimental results. These studies showed that a gentle slope of the breakthrough curve in relation to an increasing bed height from 5 to 10 cm and the MTZ became more extensive and saturation time increased.
Effect of bed height
Effect of flow rate
The effect of flow rate was studied at 3, 6 and 9 mL/min while the influent lead concentration and bed height were kept constant at 100 mg/L and 10 cm for all three experiments, respectively. Its characteristic curve is shown in Figure 6 . At flow rates of 3, 6 and 9 mL/min, evaluations for adsorption capacity of the adsorbent were obtained at 47.79 mg/g, 42.6 mg/g and 38.15 mg/g, respectively. These results indicate that at lower flow rates, due to more nonsaturated adsorption sites, the tendency for metal ion adsorption increases so that the adsorption process is more effective. At the different flow rates of 3, 6 and 9 mL/min, breakthrough times of 600, 210 and 115 minutes were obtained and saturation times of 3390 minutes, 1857 minutes and 1161 minutes were obtained, respectively.
With increased flow rate of 3-6 and 9 mL/min, saturation time decreased by 45.2% and 65.7%, respectively. These values indicate that the metal ions had greater residence time on the adsorbent bed at lower flow rates. 
Effect of initial lead concentration
The column was tested with different initial lead concentrations of 65, 100 and 150 mg/L. The flow rate and bed height were kept at 6 mL/min and 10 cm, respectively Table 2 . Sensitivity of the model to the corresponding parameters (D z , K overall ) was high and it was related to theoretical parameters of the model, not Surface diffusion resistance was ignored because of its trace value. The theoretical breakthrough curve was drawn from the batch isotherm data and followed the pattern of the experimental breakthrough curve. Parameters applied to the model included overall mass transfer coefficient (K overall ) and axial dispersion coefficients (D z ); these were 
